The serotonin 1A receptor (5-HT1A) has a major role in modulating the effects of serotonin on mood and behavior. Previous studies have shown that knockout of 5-HT1A selectively in the raphe leads to higher levels of anxiety during adulthood. However, it remains unclear whether this phenotype is due to variation in receptor levels specifically during development or throughout life. To test the hypothesis that developmental sensitivity may underlie the effects of 5-HT1A on anxiety, we used an inducible transgenic system to selectively suppress 5-HT1A levels in serotonergic raphe neurons from post-natal days (P) 14 to P30, with a maximal reduction of 40% at P21 and return to regular levels by P30. This developmental decrease in receptor levels has long-lasting consequences, increasing anxiety and decreasing social investigation in adulthood. In addition, post-natal knockdown of autoreceptors leads to long-term increases in the excitability of serotonergic neurons, which may represent a mechanism underlying the effects of post-natal receptor variation on behavior later in life. Finally, we also examined the interplay between receptor variation and juvenile exposure to stress (applied from P14 to P21). Similar to receptor knockdown, juvenile exposure to stress led to increased anxiety phenotypes but did not exacerbate 5-HT1A knockdown-mediated anxiety levels. This work indicates that the effects of 5-HT1A autoreceptors on anxiety and social behaviors are developmentally mediated and suggests that natural variations in the expression of 5-HT1A may act during development to influence individual anxiety levels and contribute to susceptibility to anxiety disorders.
INTRODUCTION
Alterations in serotonergic neurotransmission have been implicated in the etiology of both mood and anxiety disorders (Ressler and Nemeroff, 2000) . In particular, the inhibitory serotonergic receptor, serotonin receptor 1A (5-HT1A), is widely expressed in the mammalian brain and has a major role in modulating traits related to these disorders (Akimova et al, 2009; Albert and Lemonde, 2004; Savitz et al, 2009) . Within the raphe, 5-HT1A acts as a presynaptic autoreceptor whose activation leads to reduced firing of serotonergic neurons and decreased serotonin levels in a variety of forebrain projection structures. Elsewhere in the brain, post-synaptic 5-HT1A heteroreceptors are located on both excitatory and inhibitory neurons and modulate the activity of a number of limbic structures involved in mood and behavior, including the hippocampus, prefrontal cortex, and amygdala (Barnes and Sharp, 1999; Beck et al, 1992; Hamon et al, 1990; Riad et al, 2000; Santana et al, 2004) .
Multiple lines of evidence indicate that 5-HT1A receptors are important for mood and anxiety and that anxiety phenotypes may be developmentally mediated. In preclinical mouse models, complete knockout of 5-HT1A leads to increased anxiety and stress responsivity (Heisler et al, 1998; Parks et al, 1998; Ramboz et al, 1998) . Clinically, the 5-HT1A agonist, buspirone, decreases anxiety levels and acts as a mild anti-depressant (Loane and Politis, 2012) . Further, developmental blockade of 5-HT1A with WAY-100,635 from post-natal day (P)0 to P21 or from P13 to P34 recapitulates the increased anxiety phenotype, whereas similar antagonism during adulthood does not (Lo Iacono and Gross, 2008; Vinkers et al, 2010) . However, it is unclear whether the increased anxiety phenotype is due to alteration of serotonin levels via the direct actions of the 5-HT1A autoreceptor on raphe neurons or through the altered response to released serotonin acting at 5-HT1A heteroreceptors in the limbic system. Thus, given the widespread distribution and potentially overlapping roles of 5-HT1A autoreceptors and heteroreceptors, conditional genetic strategies have been necessary to identify the specific behavioral roles of different 5-HT1A receptor populations.
To date, genetic models for investigating the behavioral consequences of specific 5-HT1A sub-populations have taken advantage of a tetracycline-sensitive genetic system in which transcription from the 5-HT1A gene can be suppressed in a spatially and temporally refined manner Richardson-Jones et al, 2011; Tanaka et al, 2010) . Manipulation of 5-HT1A receptors at different time points has revealed a dissociable role for autoreceptor versus heteroreceptor populations during development and adulthood Richardson-Jones et al, 2011) . In particular, whole life, but not adult-specific, suppression of autoreceptors leads to increased anxiety, a finding recently confirmed via RNAi knockdown of autoreceptors in adulthood (Bortolozzi et al, 2012; Richardson-Jones et al, 2010) . In contrast, developmental suppression of forebrain heteroreceptors does not affect anxiety levels but appears to be important for modulating stress reactivity and depression-related behaviors (Richardson-Jones et al, 2011) . This suggests that the developmental activation of autoreceptor and heteroreceptors leads to different behavioral outcomes. However, it is unclear whether autoreceptor knockdown induces increased anxiety levels by acting specifically during development or whether continued knockdown throughout life is necessary for this phenotype.
Although previous genetic experiments have focused on the role of variation in receptor levels as a potential biological factor underlying disease risk, environmental factors are also thought to contribute to differences in susceptibility to mood and anxiety disorders. In humans, exposure to stress or trauma, especially during childhood, is linked with increased risk for a variety of psychiatric disorders, including anxiety disorders and depression (Charney and Manji, 2004; Hammen, 2005; Heim et al, 2010) . Similar findings have been observed in animal models of early-life stress (de Kloet et al, 2005; Holmes et al, 2005) . Further, the effects of early-life stress may interact with heritable variation in serotonergic genes to shape individual differences in anxiety and depression risk. Within humans, variants that affect serotonergic function, such as the serotonin transporter polymorphism, interact with early-life stress to shape disease susceptibility (Caspi et al, 2003; Karg et al, 2011; Kendler et al, 2005) . Similarly, phenotypes displayed by animal models of altered serotonergic function, such as 5-HTT and 5-HT1A knockout mice, are sensitive to environmental exposure (Carola and Gross, 2012; Zanettini et al, 2010) . For instance, both 5-HTT heterozygous and knockout mice are more sensitive than their wild-type littermates to the effects of early-life and adult stress (Carola and Gross, 2012) , and although less studied, environmental enrichment for the first 2 weeks of life alleviates the social anxiety phenotype characteristic of 5-HT1A knockout mice (Zanettini et al, 2010) .
These findings suggest two hypotheses: (1) the effects of 5-HT1A auto-inhibition on anxiety levels are developmentally mediated and (2) the behavioral effects of variation in 5-HT1A autoreceptor levels may be modified by stress exposure during sensitive developmental periods. In order to address these hypotheses, we used a tetracycline-sensitive genetic system to reduce 5-HT1A autoreceptor levels by B40% from P14 to P30 (Figure 1) . Specifically, autoreceptors were rescued to control levels by P30 (Figure 1 ) and were indistinguishable from controls through adulthood. A separate cohort of control and knockdown mice were also exposed to daily bouts of unpredictably timed restraint stress from P14 to P21. This represents the period of overlap in studies that found long-term increases in anxiety when administering the 5-HT1A antagonist, WAY100635, from P0 to P21 (Vinkers et al, 2010) and from P13 to P34 (Lo Iacono and Gross, 2008 ). Thus we sought to ask whether concurrent stress might interact with receptor knockdown to shape behavior later in life.
MATERIALS AND METHODS

Mice
Animal husbandry. Animals were housed in groups of 3-5, had ad libitum access to food and water, and were maintained on a 12:12 light:dark cycle. Animal protocols were approved by the Institutional Animal Care and Use Committee and in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
5-HT1A autoreceptor knockdown mice. Mice with suppressible 5-HT1A receptors (Htr1A tetO ) were bred as previously described Richardson-Jones et al, 2011) . Htr1A tetO/tetO mice are indistinguishable from WT mice in their patterns of 5-HT1A. Mice with inducible suppression of 5-HT1A autoreceptors were homozygous for the (Htr1A tetO/tetO ) and carried one copy of the Pet1-tTs transgene. In the presence of doxycycline (DOX), these mice have normal 5-HT1A autoreptor levels, but in the absence of DOX, Htr1A (the gene that encodes 5-HT1A) transcription is repressed and 5-HT1A autoreceptor levels decrease. 5-HT1A receptors in other regions (hippocampus, entorhinal cortex, and amygdala) are not altered by removal of DOX (RichardsonJones et al, 2010) .
Animals were maintained on a mixed 129/Sv, C57Bl6/J, CBA background. For all the experiments, male Htr1A tetO/tetO /Pet1-tTs þ males were bred to Htr1A tetO/tetO females. Transmission of the tTs transgene through the male germline ensured that all offspring were raised by Htr1A tetO/tetO dams, which are not sensitive to the effects of DOX. For all experiments, Htr1A tetO/tetO /Pet1-tTs þ mice (referred to as knockdown; KD) were compared with Htr1A tetO/tetO littermates (control; Ctrl). As DOX is transmitted via the mother's milk, this design ensured that relevant comparisons occurred between littermates rather than between litters. All experimental mice were from litters from primiparous dams. Experiments were conducted exclusively with male offspring.
Autoreceptor suppression during post-natal development. In order to selectively repress 5-HT1A levels during postnatal development, mothers were maintained on DOX chow (Bio-serv F6118, Frenchtown, NJ) until the day of birth. From P0 to P21, DOX chow was replaced with normal laboratory diet (LabDiet 5001, Richmond, IN). On P21, males were weaned into cages with 4-5 animals and maintained on DOX chow for the remainder of the study.
Juvenile-restraint stress (JS). Pups were removed from their home cage and placed in plastic restrainers in a brightly lit room (Fisher canisters 03-338-1F with air holes drilled in them) for an hour a day each day from P14 to P21. Restraint stress occurred during the dark portion of the light cycle and was applied at different times each day. Animals were weighed and corticosterone levels were measured following stress on P21 to ensure that animals had not habituated to the restraint paradigm. Corticosterone levels were measured using Assay Designs ELISA kit (Ann Arbor, MI), following the manufacturer's directions (n ¼ 2-4/grp).
Behavioral Assays
Tests for anxiety and stress coping were performed under normal light conditions beginning 1 h after lights were turned on. Social behavior was assessed under red light 2 h after lights were turned off. All animals were within 2 weeks Figure 1 Post-natal knockdown of 5-HT1A autoreceptors. (a) Doxycycline was removed from the chow from P0 to P21, resulting in a B40% reduction in 5-HT1A autoreceptor levels at P21 in animals carrying the tTs transgene (KD mice). (b-d) Receptor levels were the same in control and KD animals at P14 (n ¼ 2/grp), reach maximal knockdown at P21 (n ¼ 4-8/grp), and were rescued by P30 (n ¼ 3/grp). **po0.001. (e and f) Consistent with previous reports, hippocampal 5-HT1A receptors are unaffected in control and knockdown animals at either P21, when raphe 5-HT1A receptor knockdown is maximal, or in adulthood (n ¼ 4-8/grp).
of age at the time of testing, and behavioral testing began at P90. Tests were performed in the following order with at least 1 week between tests: open field, elevated plus, noveltysuppressed feeding (NSF), tail suspension, forced swim test, and social behavior. For all the experiments, genotype controls consisted of Htr1A tetO/tetO /Pet1-tTs-animals, which are indistinguishable from WT mice . Animals raised using standard laboratory conditions (as outlined above, referred to as 'no stress') served as controls for rearing condition.
Open field. A 10-min exploration in a novel open arena was performed as previously described . Tracking was performed using AnyMaze ver4.82 Software (n ¼ 15-21/grp).
Elevated plus maze. Exploration of an elevated plus maze was assessed as previously described (Curley et al, 2009) . Tracking was performed using AnyMaze ver4.82 Software (n ¼ 15-21/grp).
NSF.
Testing was performed as previously described . Animals were food restricted for 24 h and then placed in a 40 Â 60 cm 2 brightly lit arena (B900 lux) with a food pellet placed in the center. Latency for the animal to begin eating the pellet was recorded. Immediately following testing, the animal was weighed and placed back in its home cage where food consumption over 5 min was recorded. Percentage of body weight loss and home cage food consumption were used as relative measures of hunger (n ¼ 11-21/grp).
Tail suspension test. Mice were suspended by their tail using tape to secure them to a horizontal bar. Immobility was assessed over a 5-min period using automated tracking with AnyMaze software (n ¼ 11-21/grp).
Forced swim test. Behavioral response to forced swimming was measured as described in David et al (2007) . Mice were placed in clear glass buckets 20 cm deep, filled 2/3 of the way with 25 1C water, and videotaped from the side. The entire test was scored using Noldus Ethovision software as described in Juszczak et al (2008) . All animals were exposed to swim stress on two consecutive days (n ¼ 11-21/grp).
Social behavior. Basic social interaction and novelty preference was assessed using the methods outlined by Yang et al (2011) . Briefly, mice were habituated to a 40 Â 60 cm 2 arena lit by red lights for 10 min. At either end of the arena were two overturned pencil holder cups (Kitchen-Plus.com 31570). Following habituation to the test chamber, a novel adult male C57Bl/6J mouse was placed under one of the pencil holders (Phase 1). In Phase 2, this male became the 'familiar animal' and a novel adult male C57Bl/6J was placed under the opposite pencil holder. In both the phases, total levels of social investigation were measured as the amount of time spent directly investigating the chamber(s) containing another mouse. In addition, preference for a social stimulus was measured in Phase 1 (social vs empty chamber) and social novelty preference (novel vs familial mouse) in Phase 2. For both the phases, a human observer blind to genotype and treatment group scored direct investigation of the chambers for the first 5 min of testing. Total test time, including habituation, was 30 min. Four animals were tested simultaneously, and the location of the novel and familiar animal was counterbalanced across testing chambers in both the test phases. In addition, overall distance travelled was measured using Anymaze ver4.82 software (n ¼ 11-21/grp).
Receptor Autoradiography
Mice were killed by cervical dislocation and decapitation. Brains were extracted, immediately frozen on dry ice, and maintained at À 80 1C until sectioning. Brains were cryosectioned at a thickness of 20 mm and thaw mounted on Superfrost Plus slides (Fisher Scientific). Sections were maintained at À 80 1C until processing. Sections were processed for 4-(2
]iodobenzamido]ethylpiperazine ( 125 I-MPPI) autoradiography as previously described (RichardsonJones et al, 2010) . All experimental and control brains within a group (n ¼ 2-8/grp, see Figure 1 ) were processed and exposed to film as a single batch. To the extent possible, Ctrl and KD animals used for receptor autoradiography at different time points were from the same litter with a maximum of four litters represented at any given time point. Receptor levels were quantified as follows. Films were scanned at 1600 dpi and analyzed using ImageJ software. For raphe, seven matching coronal sections containing dorsal raphe were identified for each brain (Supplementary Figure S1 ). The dorsal raphe was outlined by hand in a randomly selected control individual, and this outline was then applied to the corresponding section in all the other animals. Average gray value was calculated for the region. A background measurement was taken from each section by selecting a white matter tract or region known to not express 5-HT1A. Gray values for raphe and background regions were converted to pCi/region by comparing with an ARC146-F 14 C standard, and the background value was subtracted from the raphe. All seven sections were graphed, and an area under the curve was calculated for each animal. To determine percentage of change in receptor level across the raphe, values were normalized to the average area under the curve for control animals (Supplementary Figure S1) . Because the dentate gyrus and CA1 have more homogenous receptor levels than the raphe, these regions were analyzed in a similar fashion for nine matched sections/animal except that the gray value for these regions was taken from the average of three circles drawn within the region.
Electrophysiology
Adult animals (P270-P300) were used to assess the properties of raphe neurons in control compared with knockdown mice. We first verified that autoreceptor levels remained indistinguishable between control and knockdown animals at this later time point (t(11) ¼ 0.76, p ¼ 0.46; Figure 5a and b). For electrophysiological recordings, animals were euthanized by decapitation, and brain slices were prepared as previously described (Crawford et al, 2010 (Crawford et al, , 2011 . Midbrain coronal slices (200 mm) containing the dorsal raphe (DR), were placed in aCSF (in mM: NaCl 124, KCl 2.5, NaH 2 PO 4 1.25, MgSO 4 2.0, CaCl 2 2.5, dextrose 10, and NaHCO 3 26) bubbled with 95% O 2 /5% CO 2 and maintained at 37 1C for 1 h after which slices were kept at room temperature until recording. Tryptophan (2.5 mM) was included in the holding chamber to maintain 5-HT synthesis but was not present in the aCSF during recording.
To obtain whole-cell recordings, slices were placed in a small recording chamber (Warner Instruments, Hamden, CT) and perfused with aCSF bubbled with 95% O 2 /5% CO 2 at approximately 2 ml/min at 32 1C maintained by an in-line solution heater (TC-324, Warner Instruments). Neurons were visualized using a Nikon E600 upright microscope and targeted under DIC. Electrodes were filled with an intracellular solution of (in mM) K-gluconate, 130; NaCl, 5; Na phosphocreatine, 10; MgCl 2 , 1; EGTA, 0.02; HEPES, 10; MgATP, 2; and Na 2 GTP, 0.5; with biocytin, 0.1%; pH 7.3. Whole-cell recordings were obtained using a Multiclamp 700B (Molecular Devices, Instruments,Sunnyvale, CA). Cell characteristics were recorded using current clamp techniques as previously described (Calizo et al, 2011; Crawford et al, 2010) . Signals were collected and stored using a Digidata 1320 analog-to-digital converter and pClamp 9.0 software (Molecular Devices).
Membrane and cell excitability characteristics were recorded in current clamp by administering 500 ms current injections in 20 pA steps from À 80 pA to 160 pA. Action potential characteristics were recorded in current clamp by administering enough current to elicit a single spike. The magnitude of the 5-HT1A receptor-mediated response was measured following bath administration of 100 nM 5-carboxyamidotryptamine (5-CT). Cells were voltage clamped at À 60 mV, baseline current measurements obtained for 3-5 min followed by bath administration of 5-CT, and the current was measured for at least 3-5 min until a steady state response was obtained. The drug was removed from the aCSF to monitor the return to baselne. After electrophysiological recording, slices were placed in 4% paraformaldehyde and stored at 4 1C until processed for immunohistochemical analysis for the biocytin-filled neuron and tryptophan hydroxylase. Only those neurons identified as TPH containing were used for data analysis.
8-OH-DPAT-Induced Hypothermia
Animals were administered 0.5 mg/kg 8-OH-DPAT via intraperitoneal injection following three measurements of core body temperature to determine baseline. Change in core temperature was assessed every 10 min for 60 min as outlined in Richardson-Jones et al (2010) (n ¼ 6-9/grp).
Statistical Analysis
All statistical calculations are presented as mean ± SEM and were performed in SPSS version 19. Initial behavioral analysis was performed using a 2-way ANOVA (genotype X rearing condition). If a significant interaction was observed, a simple main effects analysis with Sidak-adjusted a was used to investigate specific comparisons. In addition, in the absence of a significant interaction term in the open field test, we investigated a subset of planned comparisons using independent samples' t-tests. Planned comparisons were performed for each of the following: Ctrl vs KD mice in the no-stress condition, Ctrl vs KD mice in the stress condition, and Stress vs No Stress among Crtl mice. For the NSF paradigm, latency to eat was analyzed both via two-way ANOVA and via survival analysis using the Kaplan-Meier product-limit method. The latter accounts for animals that did not eat during the test; for the former, we applied a latency of 600 s (the test length) to animals that did not eat.
For electrophysiological recordings, two-way ANOVAs (genotype Â sub-region) were used to test the significance of membrane characteristics, action potential characteristics, and 5-CT response. For membrane excitability, data were analyzed separately for each sub-region using a repeated-measure ANOVA, with a main factor of genotype and current injected as the repeated measure. 8-OH-DPATinduced hypothermia was also assessed using a repeatedmeasures ANOVA. Follow-up Student's t-tests were used when indicated.
RESULTS
Selective Knockdown of 5-HT1A Autoreceptors from P14 to P30
In order to determine the feasibility of repressing 5-HT1A autoreceptors selectively during post-natal development, we removed DOX chow beginning on P0 and returned it on P21. We then compared the density of 5-HT1A receptors in the raphe at P14, P21, and P30 of tTS þ (knockdown; KD) and tTS À (control; Ctrl) littermates (Figure 1 ; Supplementary Figure S1 ). Somewhat surprisingly, differences in 5-HT1A levels were indistinguishable at P14 (t(2) ¼ 0.38; p ¼ 0.74) (Figure 1b) . However, by P21, tTS þ animals showed a B40% reduction in 5-HT1A levels in the raphe raphe: (t(10) ¼ À 4.89, po0.001) (Figure 1c) . We also confirmed that receptor levels did not differ in the hippocampus (Figure 1e and f), consistent with previous reports that autoreceptors, but not heteroreceptors, are altered in this mouse model at P21 (CA1: t(8) ¼ 0.023, p ¼ 0.98; dentate gyrus: t(8) ¼ 0.239, p ¼ 0.82) or later in life at P270 (CA1: t(12) ¼ À 1.575, p ¼ 0.14; dentate gyrus: t(11) ¼ À 0.113, p ¼ 0.91). Animals were returned to DOX chow on P21, and by P30 receptor levels were indistinguishable between tTS þ and tTS À littermates (raphe: t (4) ¼ 0.318, p ¼ 0.77) (Figure 1d ). The slow onset of the knockdown may be explained by a combination of time needed for DOX to clear the organism and half-life of the 5-HT1A protein (Stark et al, 2007) .
JS has Physiological Impacts
In order to determine the validity of our restraint stress paradigm in juvenile mice, we examined corticosterone levels immediately following restraint on P21 and weighed mice at weaning. Restraint stress elicited a robust corticosterone response (JS ¼ 189.7 ng/ml, unhandled controls ¼ 13.9 ng/ml; t(4) ¼ 16.69; po0.001; Supplementary Figure  S2 ). In addition, restrained animals weighed approximately 10% less than non-restrained animals (standard reared ¼ 8. Jones et al, 2011) . In order to assess whether developmental sensitivity underlies the effects of autoreceptor knockdown and stress on anxiety behaviors, we performed the elevated plus maze and open field tests in adulthood (4P90) (Figure 2) . We further examined the interplay between receptor knockdown and JS by performing these tests on a separate cohort that underwent restraint stress from P14 to P21, concurrent with receptor knockdown. Results of two-way ANOVAs (rearing condition Â genotype) are reported in the text while simple main effects with Sidak-adjusted a and planned comparisons are indicated in In addition, in a separate cohort of mice kept on DOX throughout life, we assessed the effect of the tTS transgene on anxiety. We found that expression of tTS neither altered ambulatory behavior nor led to increased anxiety measures (see Supplementary Methods and Supplementary Figure S3) .
Effects of JS and Autoreceptor Knockdown are Dissociable in the NSF Task
NSF measures a rodent's aversion to eating in a novel environment, specifically assessing stress-induced anxiety by measuring the latency of the mouse to eat a familiar food in a novel, aversive environment (Bodnoff et al, 1988) . This trait has been shown in rats to be sensitive to early-life interventions. Specifically, environmental enrichment in the form of post-natal handling decreases the latency to eat (Bodnoff et al, 1987) . In our study, we found that the latency to eat food in a brightly lit arena was greater for animals exposed to JS. This trait was not influenced by autoreceptor knockdown. Two-way ANOVA-main effect of rearing Figure 2 Post-natal knockdown of 5-HT1A autoreceptors leads to increased anxiety. Anxiety levels were assessed via the elevated plus maze tests (a-d) and open field (e-h) during adulthood. Exposure to JS also increased anxiety in WT animals but yielded test-specific effects in mice with decreased autoreceptor levels. n ¼ 15-21/grp; # po0.10, *po0.05, **po0.01. 
Neither Autoreceptor Knockdown nor JS Alters Stress Coping
Whole-life knockdown of 5-HT1A autoreceptors was shown to increase anxiety but not depression-related behaviors (Lo Iacono and Gross, 2008; Richardson-Jones et al, 2011) . However, these studies were performed exclusively in standard reared mice with whole-life manipulation of 5-HT1A levels. In order to determine whether developmental autoreceptors alone or in the context of juvenile stress modulate differences in stress-coping behaviors, we assessed behavior in both the tail suspension and forced swim tests (n ¼ 11-21/group). As predicted, post-natal autoreceptor knockdown did not influence stress-coping behaviors. Similarly, exposure to juvenile stress did not alter stress-coping behaviors. Details and statistics are available in Supplementary Figure S4 . These results suggest that both 5-HT1A knockdown and stress during post-natal development specifically affects anxiety but not depressionrelated traits.
Variation in Autoreceptor Levels and JS Influence Social Behavior
Differences in anxiety can affect many complex behaviors, including social behavior. Previously, it was shown that 5HT1A knockout mice display increased social anxiety, spending less time investigating an unfamiliar mouse, and display higher rates of anxiety-associated behaviors during social interactions, such as stretch-attend postures (Zanettini et al, 2010) . In order to explore the role of 5-HT1A autoreceptors and juvenile stress in modulating social behavior, we used a two-phase test designed to investigate both levels of social investigation as well as the natural preference of mice for social novelty, as outlined by Yang et al (2011) . KD mice showed decreased exploratory activity compared with their WT littermates (Figure 4 ). Introduction of a single novel mouse in Phase 1 did not reveal any group differences; all groups of mice showed normal preference for a social stimulus (compared with the empty chamber) and equivalent levels of overall social interest (Figure 4 ; main effect of rearing condition: F(1,60) ¼ 0.45, p ¼ 0.51; main effect of genotype:
However, during the social choice phase (Phase 2), both receptor knockdown and exposure to juvenile stress decreased total levels of social investigation (Figure 4 ; main effect of rearing condition: F(1,60) ¼ 5.16, p ¼ 0.027; main effect of genotype: F(1,60) ¼ 15.74, po0.001; interaction F(1, 60) ¼ 0.79, p ¼ 0.37), and notably, the effects of receptor knockdown were exacerbated by exposure to stress (t(21) ¼ 3.65; p ¼ 0.0015). In addition, WT animals exposed to JS failed to distinguish between novel and familiar individuals in this test, a phenotype previously reported in both mice and rats exposed to early-life stress (Franklin et al, 2011; Lukas et al, 2011) . However, KD animals exposed to restraint stress showed normal social novelty preference. Figure 3 Knockdown of 5-HT1A receptors did not affect the latency to feed in the novelty-suppressed feeding test for either standard reared (a) or stress-exposed (b) animals. In contrast, when the data are collapsed across genotypes, early-life stress increased the latency to feed in this test (c; **po 0.05).
5-HT1A Autoreceptor Knockdown has a Long-Lasting Impact on Serotonergic Raphe Neuron Cell Characteristics
As the primary inhibitory autoreceptor present on serotonergic neurons, 5-HT1A has a critical role in negative feedback on serotonergic signaling (Barnes and Sharp, 1999 ). Thus we hypothesized that alteration of 5-HT1A autoreceptor levels could lead to long-term changes in the physiology of the serotonergic neurons of the raphe. We directly tested this by measuring the electrophysiological properties of the serotonergic raphe neurons in both the lateral wings (lwDR) and ventromedial (vmDR) aspect of the dorsal raphe in WT and KD animals as adults. We examined both of these subfields, because we previously found differences in their cell parameters (Crawford et al, 2010) and because they are known to have different projections, with the vmDR sending axons to forebrain structures such as the amygdala, medial prefrontal cortex, and caudate-putamen (Bang et al, 2012; Lowry et al, 2008; Michelsen et al, 2008) , whereas the lwDR projects to sympathomimetic nuclei (Hale and Lowry, 2011; Johnson et al, 2004) . We found that post-natal knockdown of receptors led to long-lasting changes in several of the membrane characteristics of the neurons, the sum of which resulted in increased cell excitability ( Figure 5 ). We measured the resting membrane potential (RMP) at baseline, as well as the membrane resistance as indicated by the slope of the current-response curve obtained from the response to hyperpolarizing current pulses (Figure 5c ). RMP was almost significantly depolarized in the vmDR serotonin neurons (t(22) ¼ 1.833, p ¼ 0.08; Figure 5d ). The membrane resistance was significantly higher for the neurons recorded from both the vmDR and the lwDR (two-way ANOVA, F ¼ 8.150, p ¼ 0.006 for significant main effect of genotype, vmDR n ¼ 13 control, n ¼ 10 KD, lwDR, n ¼ 18 control, n ¼ 15 KD; Figure 5e ). Also, the action potentials were shunted, as indicated by a significant decrease in amplitude in both the subfields (F ¼ 4.336, p ¼ 0.043 for the main effect of genotype, Figure 5f ). In both the subfields, the excitability of the neurons was greatly enhanced, displaying increased firing frequency in response to depolarizing current pulses (Figure 5g -i; ANOVA significant interaction F ¼ 2.442, p ¼ 0.028 for vmDR and F ¼ 2.401, p ¼ 0.031 for lwDR). These data indicate that post-natal autoreceptor knockdown has long-lasting impacts on raphe neuron physiology and that these alterations may represent at least a partial mechanism underlying the long-lasting effects of post-natal 5-HT1A variation on behavior.
5-HT1A Autoreceptor Knockdown Results in Decreased Receptor Sensitivity Despite Normalization of Receptor Levels
In mice, 8-OH-DPAT-induced hypothermia has been shown to be mediated by 5-HT1A autoreceptors Therefore, to assess functionality of 5-HT1A autoreceptors in adulthood, we assessed body temperature in response to the 5-HT1A agonist 8-OH-DPAT. Baseline temperatures did not differ between the two groups before treatment:
However, control mice had a significantly larger hypothermic response to the application of 8-OH-DPAT than KD mice (Richardson-Jones et al, 2010; effect of genoptype: F(1, 13) ¼ 6.289; p ¼ 0.026; Figure 5j ). We also assessed the impact of the 5-HT1A agonist, 5-CT, in raphe neurons. Early-life knockdown resulted in a decreased magnitude of the outward current elicited by administration of a 5-HT1A agonist in both the vmDR and the lwDR (main effect of genotype, F ¼ 5.638, p ¼ 0.023, Figure 5k ). These data indicate that both behavioral and electrophysiological responses to 5-HT1A agonist administration are blunted in animals with a history of post-natal receptor knockdown. This suggests that even though the receptor protein is expressed at normal levels, there may be some deficiency in Figure 4 Effects of autoreceptor knockdown on social behavior. In Phase 1 (a), knockdown mice showed decreased locomotion (b), but there was no effect of genotype or rearing condition on time spent in social investigation (c) or preference for a social stimulus (d). In Phase 2 (e), 5-HT1A knockdown mice traveled a shorter distance (f) and displayed lower levels of overall sociability (total time spent investigating either mouse) (g), a phenotype that is exacerbated by exposure to early-life stress. Wild-type animals exposed to early-life stress failed to discriminate between novel and familiar individuals, whereas their knockdown littermates retained this ability (h). n ¼ 11-21; *po0.05, **po0.01.
the receptor-effector coupling or in the downstream signaling cascade.
DISCUSSION
5-HT1A-Mediated Anxiety Phenotypes are Developmental in Origin
This study directly demonstrates that a reduction in 5-HT1A autoreceptors between P14 and P30 leads to long-term increases in anxiety levels. Specifically, autoreceptor knockdown during post-natal development increases anxiety and decreases levels of social engagement but does not alter stress coping. These findings support and refine previous pharmacological and transgenic work suggesting that the effects of 5-HT1A autoreceptors on anxiety are a developmentally mediated phenotype (Bortolozzi et al, 2012; Lo Iacono and Gross, 2008; Richardson-Jones et al, 2011; Vinkers et al, 2010) and provide insights into how perturbations to the 5-HT1A autoreceptor system during post-natal life can impact more complex social phenotypes, an area that has not been extensively explored in previous literature. Importantly, this work addresses a number of limitations of previous studies. Unlike broad-spectrum pharmacological and traditional knockout strategies, we selectively targeted 5-HT1A autoreceptors (Heisler et al, 1998; Lo Iacono and Gross, 2008; Parks et al, 1998; Ramboz et al, 1998) . Furthermore, temporal control of autoreceptor levels via DOX administration limited the perturbation of 5-HT1A levels to a narrow window of post-natal development. By knocking down the endogenous receptor, we improved on gain-of-function strategies, which are plagued by ectopic expression (Gross et al, 2002) . Finally, autoreceptor levels were reduced by only 40%, which is representative of the range of 5-HT1A expression variation observed in the human population (Drevets et al, 2007) . As a result, we have been able to hone in on the behavioral importance of this specific 5-HT1A receptor sub-population during a relatively small window of time.
Implications for Understanding the Impact of Natural Variation on Receptor Levels 5-HT1A receptor levels are sensitive to both genetic and environmental variation. Exposure to stressors modulates 5-HT1A levels in a variety of primate and non-primate species (Franklin et al, 2011; Jovanovic et al, 2011; Leventopoulos et al, 2009; Lopez et al, 1998; Spinelli et al, 2010; Wang et al, 2009) . Also, in humans, 5-HT1A levels are impacted by a functional C(-1019)G single-nucleotide promoter polymorphism (SNP; rs6295) (Albert, 2012) . The G-allele of this SNP impairs the binding of the repressor, Nuclear Deaf-1 Related factor (NUDR), in a raphe cell line. Possibly as a result, G-allele carriers have higher levels of 5-HT1A autoreceptors, an increased risk for depression, and paradoxically, decreased amygdala reactivity (Albert and Lemonde, 2004; Fakra et al, 2009; Parsey et al, 2010) . However, no study has assessed the brain region-specific impact of this polymorphism on 5-HT1A receptor expression during development. Our results show that decreases in 5-HT1A autoreceptors during development impact anxiety-related behaviors but not depression-related behaviors. In contrast, decreases in 5-HT1A autoreceptors in adulthood have no effect on anxiety-related behavior and result in lower levels of depression-related behaviors (Bortolozzi et al, 2012; Richardson-Jones et al, 2010) . Thus, the temporal-and region-specific aspects of receptor variability, as impacted by either genetic or epigenetic factors, may have dissociable effects on psychiatric disease risk at different points of the life course, adding a layer of complexity to our understanding of psychiatric risk alleles. This is consistent with findings in multiple systems where a particular molecule has a different role during development compared with adulthood (Laurent et al, 2002; Schwarting et al, 2006; Young-Davies et al, 2000) . For example, serotonin transporter blockers such as fluoxetine appear to have opposite effects during development, where they increase anxiety, than in adulthood, where they decrease anxiety (Ansorge et al, 2004) .
Long-Lasting Effects of 5-HT1A Knockdown on Serotonin-Producing Neuron Physiology
Because 5-HT1A activation directly impacts the firing of raphe neurons, we hypothesized that decreased autoreceptor levels during post-natal development may have a longterm impact on neural physiology within the raphe (Vinkers et al, 2010) . In order to test this hypothesis, we examined electrophysiological properties of serotonin-producing neurons in KD and WT littermates late in life (4P270). Despite full rescue of 5-HT1A levels, there were long-lasting alterations in the cell membrane characteristics of serotonin neurons in two different subfields of the raphe, the vmDR and the lwDR. Within both of these regions, serotonergic neurons of KD mice were more excitable due to alterations in multiple membrane properties. In particular, KD mice had greater membrane resistance. As membrane resistance is indirectly related to ionic conductance, this may suggest abnormal developmental expression of ion channels in these neurons. In addition, even though adult 5-HT1A autoreceptor levels did not differ between KD and WT mice, the 5-HT1A autoreceptor-mediated response was dampened in the neurons recorded from KD mice. Other paradigms, such as antidepressant treatment (Le Poul et al, 2000) , have also yielded decreases in 5-HT1A responsiveness in the raphe, even though receptor levels are unchanged. These data suggest that, among the myriad effects of serotonin on neural circuit development, tuning of raphe neuron excitability and differences in 5-HT1A responsiveness may represent mechanisms by which early-life variation in 5-HT1A autoreceptor levels leads to long-lasting effects on behavior.
Complex Interplay between 5-HT1A and Early-Life Stress
Genetic and environmental factors act in concert to determine individual differences in predisposition to psychiatric illness, including anxiety disorders and depression. In particular, it is thought that inherent genetic variation may contribute to a person's reactivity to environmental factors (Caspi et al, 2003; Manolio et al, 2009) . In order to better understand the interplay between variation in 5-HT1A autoreceptor levels and stress during development, we established a novel juvenile stress paradigm designed to coincide with receptor knockdown. Previously, a single study using handling, a form of environmental enrichment, as an early-life intervention in 5-HT1A knockout mice had shown that this intervention alleviated social deficits but not anxiety (Zanettini et al, 2010) . We found that the effects of JS in 5-HT1A autoreceptor knockdown animals similarly impacted aspects of social behavior. Specifically, autoreceptor knockdown mice displayed decreased levels of social engagement, similar to the whole-life 5-HT1A knockout (Zanettini et al, 2010) . This phenotype was exacerbated by exposure to JS, suggesting that stress exposure may compound the effects of genetic predisposition for this phenotype. Interestingly, however, KD mice exposed to JS retained normal social novelty preference, whereas their WT littermates failed to display this trait. Social novelty preference, or social recognition, is often considered a form of learning (Kogan et al, 2000) , and this may suggest that lower post-natal levels of 5-HT1A are protective against the effects of stress for certain memory-related phenotypes. Future research examining other learning and memory phenotypes will focus on this question. These findings touch on the complex interplay between these genetic and non-genetic developmental factors and support the idea that specific symptom subsets, rather than disease diagnoses per se, may show stronger correlations with genetic and environmental variation.
In sum, this study directly demonstrates that the longlasting effects of 5-HT1A autoreceptor variation on anxiety behaviors are developmentally mediated. Further, postnatal knockdown also results in long-term changes in raphe physiology. From a clinical perspective, these data support the idea that anxiety disorders may have developmental origins. Additional studies are warranted to understand the factors that contribute to normal developmental variation in 5-HT1A levels in humans. Specifically, we are currently investigating whether the C(-1019)G polymorphism in the promoter of the 5-HT1A gene impacts adult anxiety levels via its actions on 5-HT1A autoreceptor levels during development.
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